Abstract. Aerosol light absorption measurements most commonly rely on filter-based techniques. These methods are influenced by light scattering constituents in the aerosol phase deposited on the filters. The coating of soot by non-absorbing constituents changes the mixing state of soot as the aerosol ages and increase light absorption by the aerosol. Most light scattering constituents in a sub-micron aerosol are volatile by their nature due to their chemical composition and can be volatilized by heating the sample air. The initial mixing state is lost but the remaining light absorption by the aerosol should be by non-coated soot alone.
Introduction
Aerosol particles have a direct influence on the climate because they scatter (Cabada et al., 2004) and absorb (Jacobson, 2001 ) light and they have the ability to indirectly influence the climate when acting as a cloud condensation nuclei (Ramanathan et al., 2001; Rosenfeld et al., 2008) . Light absorbing black carbon (BC) aerosols heat the atmosphere and they may be the second most important component of global warming in terms of direct forcing (Jacobson, 2001; Ramanathan and Carmichael, 2008) . BC is the most effective and dominant absorber of visible solar radiation in the atmosphere (Petzold and Schönlinner, 2004; Ramanathan and Carmichael, 2008) . The internally mixed state of BC with aerosol constituents can enhance forcing by a factor of two (Jacobson, 2001) . BC emissions are mainly anthropogenic in origin. The highest BC emissions are in the tropics where the incoming solar radiation is the strongest (Ramanathan and Carmichael, 2008) .
Soot is externally mixed when it is introduced into the atmosphere, but during transport, the soot particles coagulate with other particles or get coated with sulphates, nitrates or organic species by condensation Zhang et al., 2008) . This results in different mixing states of soot as the aerosol age which in turn increases light absorption from externally mixed to internally mixed (Fuller et al., 1999) . Absorption of light in aerosols has been studied for a long time but there are still uncertainties which affect the accuracy of climate models (Bond and Bergstrom, 2006) .
The most commonly used filter-based measurement techniques for determining absorption of light in an aerosol are influenced by light scattering aerosols (e.g. Bond et al., 1999; Virkkula et al., 2005) . Volatile compounds such as sulphates, nitrates and most of the organic species are evaporated at temperatures around 300 • C (Engler et al., 2007; Tiitta et al., 2009) . At these temperatures BC is still non-volatile (Wehner Published by Copernicus Publications on behalf of the European Geosciences Union.
J. Backman et al.: Impacts of volatilisation on light scattering and filter-based absorption measurements et al., 2005) . The residual particles at this temperature consist of soot, crustal material or sea salt. Excluding these compounds, the light scattering constituents in the aerosol phase are volatile. Thus, the disturbance due to the light scattering material to absorption can be reduced by heating the sample air. In practice this can be done by letting the sample air pass through a thermodenuder (Wehner et al., 2002) . The amount of evaporated material from the aerosol phase depends on the composition of the particles and is also a function of the time the sample air spends inside the thermodenuder as well as the temperature it is heated to Riipinen et al., 2010) Filter-based methods for measuring light absorption are sensitive to how deeply the particles penetrate the filter until they are deposited Moteki et al., 2010) . By evaporating volatile constituents from the aerosol phase the particles shrink in size. Filter penetration among other things is a function of size (VanOsdell et al., 1990) and thus, by heating and shifting the mode of the size distribution towards smaller sizes we alter the penetration of the particles. This increases the instrument's response to light absorbing particles deposited on the filter.
It has also been shown that the coating of absorbing aerosol particles with non-absorbing shells increase the mass absorption cross section (MAC) of soot which in turn leads to an over prediction of BC concentrations (Fuller et al., 1999) . By heating the sample air the initial mixing state of the aerosol is lost. This reduces the uncertainties of over-prediction of BC concentrations due to different mixing states soot in the aerosol.
It is known that externally mixed soot collapses into globules as the particles age in the atmosphere during cloud processing (Mikhailov et al., 2006) . In the laboratory study by Slowik et al. (2007) it was shown that the collapse of the fractal state of soot depends on the coating thickness of the liquid causing the collapse the particles. After denuding they found some rearrangement towards a fractal state. However, the effect on cloud processed atmospheric aerosol consisting of a vast variety of different volatile inorganic and organic species is unknown.
In this study a suite of optical instruments was deployed to the station for measuring ecosystem-atmosphere relations III (SMEAR III) (Järvi et al., 2009) in Helsinki to measure the optical properties of urban background aerosol with and without a volatilisation oven in front of the instruments for a short field campaign (Backman, 2009 ). Absorption after the volatilisation was measured with a Particle Soot Absorption Photometer (PSAP) along with a nephelometer and size distribution measurements. They were compared with non-heated aethalometer, nephelometer, and size distribution measurements along with measured elemental and organic carbon content of the ambient particle population.
The aim was to study whether the performance of filterbased methods can be improved with the aid of volatility analysis, in which the compounds responsible for scattering are progressively evaporated from the aerosol sample. Until recently, there was no quantitative method for compensating for the effect of the depth of particle penetration in to the filter. For particles smaller than 200 nm, which is expected after a thermodenuder, the effect of increased instrument response gets significant (Nakayama et al., 2010) . The aim is also to estimate the effect of shrinking and subsequent increase of particle penetration depth with the method of Nakayama et al. (2010) .
Experimental setup
A schematic illustration of the instrument setup is presented in Fig. 1 .
The devices with a non-heated sampling line are refered as "non-heated" and "cool" and are measuring at SMEAR III continuously (Järvi et al., 2009) . The instruments operated with the thermodenuder are hereafter refered to as "heated".
The campaign instruments were taking the sample through a Minnesota PM 10 inlet approximately three meters from the SMEAR III standard instruments. Prior to the field campaign the operation of the instruments was verified in the laboratory.
The instruments after the thermodenuder (also referred to as oven) were operated at the SMEAR III station for six days between 9-14 April 2009 with a constant 280 • C oven temperature. During the following 23 h period the oven temperature was varied in three steps (50, 150 and 280 • C). A single temperature scan was completed in approximately 2.5 h. A more thorough description of the instruments is given in the following sections.
SMEAR III instrumentation (non-heated)
The optical properties with a non-heated inlet were measured using a scatter/backscatter integrating nephelometer TSI Inc. 3653 (St. Paul, MN, USA) which measures at 450, 550 and 700 nm wavelengths (Anderson et al., 1996) . The instrument does a geometrical integration of the scattered intensity with a Lambertian light source and an orthogonally orientated detector. The design of the TSI Inc. 3653 allows measurements of backscattering and total scattering by aerosols but only total scattering coefficients were used in this study. The data used had a time resolution of one minute.
Light absorption coefficients were calculated from a Magee Scientific Aethalometer AE-16 (Berkeley, CA, USA) measuring at a wavelength of 880 nm (Hansen et al., 1984; Arnott et al., 2005) . This instrument uses a filter-based optical method for estimating the BC concentration which can be used to calculate absorption coefficients . This instrument had a time resolution of five minutes.
The ambient particle number size distribution between 3 to 950 nm was measured with a Twin-Differential Mobility Particle Sizer (TDMPS, Aalto et al., 2001 ). The TDMPS consisted of two Hauke-type (Winklmayr et al., 1991) differential mobility analyzers (DMA) with closed loops for the sheath air flows (Jokinen, 1995) connected to a Condensation Particle Counter (CPC). The first DMPS system measured from 3-50 nm with a TSI 3025 CPC, (Stolzenburg and McMurry, 1991 ) and the second from 10 to 950 nm with a TSI 3010 CPC, (Mertes et al., 1995) . A full number size distribution from 3 to 950 nm was obtained with a ten minute time resolution.
Elemental carbon (EC) and Organic Carbon (OC) mass concentrations were measured with a Sunset Laboratory OCEC M3F (Tigard, OR, USA) via thermal-optical analysis (Birch and Cary, 1996) . This is done by depositing particles on a quartz filter by heating the sample subsequently in two different atmospheres (helium and helium plus oxygen). In the pure He atmosphere the sample is heated in steps to evolve the collected OC via pyrolysis, thus making the filter darker while monitoring the filter transmittance. In the next step the oven is cooled and EC and the pyrolysed OC is exposed to He-O 2 mixture. From the detected combustion products the amount of OC and EC can be determined. The amount of EC is determined after the filter transmittance returns to its initial value. The OCEC analyzer had a time resolution of one hour.
Campaign instrumentation (heated)
An oven was used to evaporate the volatile constituents from the aerosol. It consisted of a stainless steel tube surrounded by a heating cable. The oven temperature was controlled with a computer through a Drew Scientific 5310 proportionalintegral-derivative (PID) controller. The time resolution in scanning the temperatures was poor due to large thermal mass of the oven incorporated with insufficient cooling. Thus the oven was operated at a constant 280 • C temperature for the beginning of the campaign and a short test of varying the temperature was conducted at the end of the campaign. During the laboratory measurements the residence time in the oven was 1.2 s and during the campaign 1.0 s. Although this is not long enough to fully evaporate all of the volatile material from the aerosol phase (Riipinen et al., 2010) , it is still much longer than e.g. 0.3 s residence time used in some earlier studies (e.g., .
Light scattering of the heated sample was measured with an integrating nephelometer (Radiance Research Inc., Seattle, WA, USA) M903 that measured total light scattering coefficients at a wavelength of 545 nm (Liu et al., 2002; Heintzenberg et al., 2006) . The absorption coefficients were determined with a three wavelength Particle Soot Absorption Photometer (PSAP, Radiance Research Inc., Seattle, WA, USA) measuring at 467, 530 and 660 nm (Virkkula et al., 2005) .
Aerosol number size distributions after heating were measured with a DMPS at particle sizes from 10 to 600 nm (Hoppel, 1978; Aalto et al., 2001 ). The DMPS consisted of a 28 cm Hauke-type DMA (Winklmayr et al., 1991) with closed loop flow arrangements (Jokinen, 1995) and a TSI Inc. 3010 CPC (Mertes et al., 1995) for particle counting. In this system sample and sheath air flows were set to 0.9 and 7.4 l min −1 . The time resolution was 10 min.
For comparison between the campaign instruments and the SMEAR III instruments, the oven was switched off at the end of the campaign period. This enabled us to verify the performance of the campaign devices.
Data processing
Both the PSAP and the Aethalometer use a filter-based method for measuring light absorption by attenuation of light transmitted through a filter matrix while particulate matter is collected onto the filter resulting in a reduction in the light transmission. An uncorrected absorption coefficient is obtained from
where A is the area of the sample spot, V is the volume of the air that passes the filter in the time t. I t− t and I t are the light transmission through the filter before and after the time t has elapsed. This relationship, however, changes as the filter gets loaded with both light absorbing and light scattering aerosol particles. Procedures for correcting for various effects are presented in Bond et al. (1999) ; Weingartner et al. (2003); Arnott et al. (2005) , and in Virkkula et al. (2005) . The light scattering aerosol deposited in the filter gets wrongly interpreted as absorption, if not taken into account.
Generally, the absorption coefficient σ AP may be calculated from
where f is a correction factor that depends on both the amount and also on the darkness of the deposited aerosol material. σ SP is the scattering coefficient and s is the fraction of scattering that is interpreted as absorption. In order to correct for this also σ SP has to be measured, preferably at the same wavelength as σ 0 was measured at. If the two parameters are measured at different wavelengths λ 1 and λ 2 , either of them has to be interpolated or extrapolated to the matching wavelength with the aid of theÅngström exponent
which describes the wavelength dependency of scattering or absorption. TheÅngström exponent can be used to relate the data to the same wavelength (λ x ) with
This requires the assumption that the spectral dependence of theÅngström exponent is constant.
By using Eqs. (3 and 4), the coefficients can be interpolated or extrapolated to a arbitrary wavelength if they were measured at different wavelengths. In this study, the PSAP light absorption coefficient data were interpolated using this method to the same wavelength as the M903 nephelometer measured at. The TSI nephelometer light scattering coefficient data were extrapolated to the same wavelength as the Aethalometer measured at (880 nm).
The ratio of scattered light to light extinction by particles is called single-scattering albedo, defined as
The ω 0 depends on the aerosol size distribution and on the chemical composition and it is wavelength dependent. It is the key parameter governing the amount of cooling or heating an atmospheric aerosol layer can induce (Seinfeld and Pandis, 2006).
PSAP data
The method used in this study for compensating for the PSAP transmittance decrease and for scattering aerosols is described by Virkkula et al. (2005) and by Virkkula (2010) . It is an iterative method which takes the darkness of the aerosol deposited on the filter into account. Initially ω 0 is calculated from the raw count data produced by the PSAP and σ AP was calculated using an iterative procedure where the factors k 0 , k 1 , h 0 , h 1 , and s are the constants presented in Table 1 and Tr is the filter transmittance. A limit for convergence was set to 0.01 Mm −1 , which was typically achieved after 2-3 cycles. The values of the coefficients used here were calculated for 530 nm but were used for absorption coefficients calculated at 545 nm. This inconsistency is thought to be negligible or minor and was not further investigated. This method was also compared with the more commonly used method that is described by Bond et al. (1999) and by Ogren (2010) 
as derived by Virkkula (2010) . This is partly the method the PSAP's firmware uses to calculate the absorption coefficients displayed on the front display of the instrument and reported through the serial port. The last term of Eq. (7) corrects for the scattering aerosol deposited on the filter. Since the Radiance Research M903 is a one wavelength nephelometer, the light absorption coefficients were interpolated to 545 nm using theÅngström exponents calculated between 530 and 660 nm using Eqs. (3 and 4). At 545 nm the correction for light scattering aerosols was done using Eqs. (6 and 7).
Further the PSAP data were corrected for the penetration depth dependency on instrument response which was parametrized by Nakayama et al. (2010) . Penetration depth in fibre-filters used in a PSAP is a function of face velocity and particle size (VanOsdell et al., 1990) . The face velocity of the particles were found to be of less importance for flow rates of between 0.3 and 0.7 l min −1 than particle size in the study by Nakayama et al. (2010) . The airflow trough the PSAP during the campaign was around 0.7 l min −1 . The size dependent over-prediction factor caused by increased filter penetration by smaller particles was calculated using
From the size distribution data on the residual aerosol measured by the DMPS a mass-weighted correction factor was calculated using
as suggested by Nakayama et al. (2010) .
Atmos. Meas. Tech., 3, 1205-1216, 2010 www.atmos-meas-tech.net/3/1205/2010/ The parametrisation was done for particle sizes between 100 and 600 nm. Due to diffusion even smaller particles are likely to penetrate less into the filter in contrary to the parametrisation (Eq. 8) when continued to particle sizes smaller than 100 nm used in the mass weighted correction factor in Eq. (9). This is supported by the fractional penetration for the Pall E70/2075W filter (used in the PSAP) determined by VanOsdell et al. (1990) .
Aethalometer data
The Aethalometer estimates black carbon mass concentrations by measuring the change in the attenuation of light through a fibre filter. From these data, the light absorption coefficients can be calculated for example using the algorithms presented in Arnott et al. (2005) or in Weingartner et al. (2003) . In this study the algorithm as described in Arnott et al. (2005) was used to convert the mass concentration values to absorption coefficients using
which is a semi-empirical method with the calibration function derived from a basic two-layer model. SG is the MAC factory value used by the instrument. The factors α, τ a,fx and M are empirical values for scattering offset, filter absorption optical depth were the particles are embedded and multiple scattering enhancement factor respectively. The filter absorption optical depth τ a,fx is directly dependent on particle penetration depth into the filter. Sub-index n is the nth value since filter change. The values used in Eq. (10) are presented in Table 2 . The values M and τ a,fx were calculated assuming the same wavelength dependency for the coefficients as presented in Arnott et al. (2005) using the more suitable values of M=3.688 and τ a,fx =0.2338 for ambient measurements at a wavelength of 521 nm. Equation (10) requires that the light scattering coefficients σ SP are determined at the same wavelength at which the BC concentrations were measured. The AE-16 aethalometer measures at a wavelength of 880 nm so the light scattering coefficients were extrapolated to the same wavelength using Eqs. (3 and 4) . The extrapolation was done from theÅngström exponents calculated between 550 and 700 nm from the TSI nephelometer data.
Results and discussion

Verification experiments
Evaporation of volatile material from the particle phase in an oven is a function of the time the aerosol resides in the thermodenuder Riipinen et al., 2010) . Prior to utilizing the oven in the field we tested it with laboratory-generated ammonium sulphate ((NH 4 ) 2 SO 4 ) and sodium chloride (NaCl) aerosol. These aerosols were produced with two different nebulizers. The salts were dissolved in deionized water. The humid aerosol was then dried with a silica gel diffusion dryer before it was led in to the oven. The residence time of the aerosol in the oven was 1.2 s with a flow of 3.0 l min −1 . With this flow rate the volatilisation of ammonium sulphate was complete while most of the sodium chloride did not evaporate (Fig. 2) . The temperature where 50% of the ammonium sulphate aerosol volume was evaporated was 145 • C. The 50% value in terms of particle number occurred already at 130 • C. At 200 • C only 10% of the volume and 1% of the particle number survived the oven. This implies that as volatile species as ammonium sulphate are sufficiently evaporated in the oven at 280 • C. The fact that the volume fraction remaining drops slower (Fig. 2a) than the amount of particles remaining (Fig. 2b) indicates that the remaining volume fraction is a function of the initial size of the particles. For semi-volatile species and lower temperatures we are more likely to measure the rate of evaporation rather than equilibrium conditions as is commonly the case for thermodenuder applications (Riipinen et al., 2010) . The sodium chloride aerosol volume decreased to 80% at 300 • C. This may be an indication of impurities in the nebulizer or a non-constant particle production rate which is the more probable reason for the observed behaviour. Otherwise the thermodenuder did not affect remarkably the volume or number concentration of the sodium chloride particles.
Before deploying the campaign instruments to the SMEAR III station, the PSAP and the Nephelometer M903 were tested in the laboratory. The flow of the PSAP instrument was calibrated with the least squares method curve fitting with a slope of 1.002 ± 0.009 and an offset of 0.017 ± 0.010. The uncorrected absorption (σ 0 ) determined with the PSAP were corrected accordingly.
The noise of the PSAP was estimated to be less than 0.65 Mm −1 with the formula δσ AP = 10 0.60−1.31log( t) as in Springston and Sedlacek (2007) with an averaging time t of 4 s. The noise of the PSAP was later measured to be less that 0.48 Mm −1 while sampling particle free and 1-second data.
The Radiance Research Nephelometer M903 was calibrated using carbon dioxide and particle free air. The noise of the nephelometer was then determined to be less than 0.17 Mm −1 with flow rates between one and three litres per minute and 0.5-second data. 
Volatility of urban aerosol
Optical properties, OC and EC mass concentration at SMEAR III station in Finland were monitored from 9 April to 15 April 2009. The experiments were conducted in parallel with the thermodenuder at an elevated temperature and without heating (Fig. 1) . At the start of the field campaign the oven was kept at a constant temperature of 280 • C from 9 April LT 11:00 to 14 April LT 10:00. During the last 23 h period of the experiments, from 14 April LT 10:00 to 15 April LT 09:00, the oven temperature was scanned from 50 • C to 280 • C. First we discuss the results at the constant oven temperature and subsequently present the findings with the variable oven temperature, which progressively evaporates volatile material from the particulate phase.
Constant oven temperature
The time series of optical and physical parameters measured during the campaign are presented in Figs. 3 and 4 .
The heated and cool coefficients σ SP and σ AP , as well as the simultaneously measured OC and EC concentrations are plotted in Fig. 3 . The cool scattering coefficient (σ SP,TSI ) followed closely the OC variations, the heated (σ SP,M903 ) not as well. It is very obvious already from this time series that most of the scattering material is volatile at 280 • C. Both absorption measurements track the EC concentrations and each other, as they should. The difference between the heated and cool σ AP (σ AP,PSAP and σ AP,AETH ) is mainly due to the different wavelengths although there are some periods with high noise of σ AP,PSAP , for instance on the afternoons of 10 April, 11 April, 12 April and 13 April whereas σ AP,AETH was much more stable in these periods. The data do not give a clear and unambiguous explanation to these. In principle one explanation could be that the instrument became noisy after the light transmittance through the filter had decreased to a low 
. (a)
The contribution by sub-micron particles to total scattering values (σSP(PM1)/σSP(PM10)) from DMPS and APS data using the refractive index of sulphuric acid (1.426+0.05i), (b) non-volatile volume fraction remaining (NVFR), and (c) singlescattering albedo ω0 of the heated and the cool urban aerosol calculated at 880 nm and at 545 nm respectively. ω0,heated was corrected according to Nakayama et al. (2010) and ω0,uncorr without this correction. The line at ω0=0.3 is the ω0 of laboratory generated pure soot (Mikhailov et al., 2006) .
Fig. 4. (a)
The contribution by sub-micron particles to total scattering values (σ SP (PM 1 )/σ SP (PM 10 )) from DMPS and APS data using the refractive index of sulphuric acid (1.426+0.05i), (b) non-volatile volume fraction remaining (NVFR), and (c) singlescattering albedo (ω 0 ) of the heated and the cool urban aerosol calculated at 880 nm and at 545 nm respectively. ω 0,heated was corrected according to Nakayama et al. (2010) and ω 0,uncorr without this correction. The line at ω 0 =0.3 is the ω 0 of laboratory generated pure soot (Mikhailov et al., 2006). level. However, the σ AP,PSAP noise decreased to the normal level for long periods even before the following filter change. Humidity generally creates noise in filter-based instruments but after the oven this is for sure not the case. The time series of the non-volatile volume fraction remaining (NVFR), single-scattering albedo (ω 0 ) of the heated and cool aerosol (ω 0,heated and ω 0,cool at λ=545 nm and 880 nm, respectively) reveal interesting variations (Fig. 4) . First of all, approximately 75% of the aerosol volume had volatilized (NVFR≈0.25) and the difference between the two ω 0 's was >0.3, meaning that the residual particles were much darker. This is in agreement with our understanding that in a sub-micron aerosol volatile constituents scatter more light than the non-volatile.
Secondly, in some periods ω 0,heated decreased close to 0.3, the ω 0 of soot (e.g., Mikhailov et al., 2006) . The noisy periods of σ AP,PSAP mentioned above occur interestingly simultaneously with clearly elevated and even somewhat noisy NVFR -with the exception of 13 April -and also clearly decreased values of ω 0,cool suggesting that the noisy σ AP,PSAP periods may have been due to near-by soot sources such as heavy traffic and vehicles. These noisy periods correlated with wind directions coming from the nearby highway. With heavy traffic and local emissions we would expect a diurnal cycle of dark aerosols at rush hour and less dark aerosol at night time. Since the campaign was conducted mainly over a national holiday there is no clear diurnal cycle even though the above analysis shows that in this period the dark aerosol was mainly observed in the afternoons and evenings.
The third observation from the time series of NVFR and ω 0 is that there are periods where the residual aerosol had a different ω 0 with roughly the same NVFR. For example NVFR≈0.25 and ω 0,heated ≈0.4 just after midnight on 12 April. Just after midnight on 13 April NVFR≈0.25 while ω 0,heated ≈0.6. This is most probably an indication of chemically different aerosols entering the oven. Our laboratory tests showed the oven volatilized ammonium sulphate, other typical inorganic sub-micron aerosol constituents are even more volatile (e.g., Engler et al., 2007; Tiitta et al., 2009) . We therefore conclude the non-volatile aerosol probably contained organics, in addition to BC. To investigate this further we used back-trajectory analysis and noticed that the clean air with low absorption and scattering coefficients on the 12 April after midnight arrived from the Barents Sea. As the scattering coefficients and ω 0 increased later that day the airmass came more and more from continental regions in western Russia. Either the oven was not able to volatilize all of the scattering constituents yielding a higher ω 0 or the aerosol contained chemically different more oxidized and less volatile constituents which was not completely removed by the oven.
Another possible reason for the increase of ω 0 at about noon of 12 April could be that there were more large, nonvolatile particles. Due to the PM 10 inlet to the campaign instruments they were not only measuring sub-micron particles. In these sub-micron particles we expected the light scattering species to be completely or partly evaporated at 280 • C. In the super-micron aerosol we would expect to find crustal material and sea-salt which also scatter light and are not volatile. To assess this influence Aerodynamic Particle Sizer (APS) and DMPS data the fraction of scattering by PM 1 particles to PM 10 was calculated with Mie modelling. The scattering coefficient σ SP for PM 1 and PM 10 particles were calculated from the DMPS and the APS data using
where Q SP (λ,D p,m ) is the scattering efficiency of particles with diameter D p and the complex refractive index m = n r + n i i at wavelength λ. The scattering efficiencies were calculated using the Mie code by Barber and Hill (1990) . The calculations were done using m = 1.426+0.05i and m = 1.526+0.05i for the whole size distribution. The integration was done for the whole size distribution (σ SP (PM 10 )) and for sub-micron particles (σ SP (PM 1 )). The ratio (σ SP (PM 1 ))/σ SP (PM 10 ) indicates the contribution of sub-micron particles to scattering (Fig. 4a ). This ratio was constantly over 0.8 (and for the most part 0.9) except at the 9 of April and in the afternoon of 15 April. APS data was not available before noon on 15 April. Instead of decreasing on 12 April the ratio (σ SP (PM 1 ))/σ SP (PM 10 ) was actually increasing (Fig. 4a) . If the reason for the increasing ω 0 had been the increase of large, non-volatile particles of any kind, this ratio would decrease. Therefore the data rather supports our argumentation above that the increase in ω 0 from 0.4 just after midnight on April 12 to 0.6 just after midnight on April 13 with the same NVFR of ≈ 0.25 possibly is a chemically different aerosol.
In OCEC analysers the sample is heated stepwise, typically to four different temperatures. For instance, the recommended EUSAAR protocol is to heat the sample to 200, 300, 450, and 650 • C, and in the IMPROVE protocol to 120, 250, 450, and 550 • C (Cavalli et al., 2010) yielding concentrations of OC1, OC2, OC3, and OC4 (amount of Organic Carbon volatilized under a certain temperature). In a similar way if there were organics in the volatility ranges OC3 and OC4 present in the aerosol our setup would not have volatilized them. The data suggest this has been the case in the period indicated above. However, we can not prove this for sure since from the whole campaign we only have the total OC data, not different temperature fractions. Another possible explanation would be that in this period the 1.0 s residence time in the oven was too short to evaporate all organics (Riipinen et al., 2010) .
The residual aerosol is darker than the cool aerosol and therefore there is less scattering aerosol to influence the measurements of light absorption by soot. This generally results in a more accurate measure of MAC (Bond and Bergstrom, 2006) . The MAC of EC was determined with linear regression of σ AP from both absorption measurements versus the EC mass concentrations from the OCEC-analyzer. From the aethalometer data MAC=6.2±0.4 m 2 g −1 (Fig. 5a ) at λ=880 nm. At λ=545 nm, the MAC calculated from the (Fig. 5b) . When assuming that the wavelength dependency of MAC is λ −1 both MAC values are in agreement: MAC(880 nm)=10.1(880/545) −1 =6.3 m 2 g −1 .
When the Bond et al. (1999) and Ogren (2010) corrections were used, the MAC was 7.2 ± 0.4 m 2 g −1 . We may argue that the lower MAC obtained by the Bond et al. (1999) method is too low since it is known that at filter transmittances under 0.7 at low ω 0 yields too low absorption coefficients.
Without the Nakayama et al. (2010) correction for size dependent filter penetration response the MAC values were 13.5 ± 0.9 m 2 g −1 and 9.6 ± 0.5 m 2 g −1 using the Virkkula et al. (2005) and Bond et al. (1999) algorithms respectively. This no longer results in a wavelength dependency of λ −1 but λ −1.62 between the MAC's 6.2 m 2 g −1 (λ=880 nm) and 13.5 m 2 g −1 (λ=545 nm).
These results are in agreement with earlier published MAC values (9.1-10.8 m 2 g −1 and 5-25 m 2 g −1 (λ=550 nm), 9.8 m 2 g −1 (λ=565 nm) and 5.9-9.3 m 2 g −1 (λ=880 nm) (e.g., Petzold and Schönlinner, 2004; Snyder and Schauer, 2007; Miyazaki et al., 2008 , and references therein).
Temperature dependence of volatilization
From 14 April 10:00 to 15 April 09:00 the oven was set to cycle temperatures 50, 150 and 280 • for 23 h and finally the oven was turned off for a few hours. The time series of scattering and aerosol volume concentration show that even the non-heated aerosol did not remain constant during this scanning period, the volume varied about a decade, from about 2 to 20 µm 3 cm −3 and σ SP,TSI from about 10 to 100 Mm −1 (Fig. 6) . Heating made a huge impact on the light scattering properties of the aerosol. The warmer the oven was the more light scattering constituents were evaporated from the aerosol phase. A decrease in σ SP was expected but an interesting observation was that the temperature also influenced σ AP . This same issue may be studied by comparing the absorption coefficients of the cool aerosol with the heated one, σ AP,AETH and σ AP,PSAP , respectively. There are clear differences in the slopes (Fig. 7) . One possible explanation is that the scattering correction function by Virkkula et al. (2005) does not compensate for the scattering aerosol deposited on the filter matrix perfectly. Since the amount of residual scattering aerosol is a function of temperature and light scattering is a variable in the correction function to calculate the absorption the variations in scattering do influence the results. However, a more likely explanation is that the mixing state of the aerosol changes during heating and therefore changes the absorption properties of the aerosols. It has been shown that the mixing state of soot in an aerosol can increase the amount of radiation the aerosol absorbs (Fuller et al., 1999) . The fact that the volatilisation of light scattering matter from the aerosol can influence the light absorption coefficient is a possible indication of internally mixed soot. Soot is externally mixed immediately after emission but gets coated with non-absorbing constituents during transport in the atmosphere. The longer soot has aged the more likely it is that it gets internally mixed with light scattering constituents Zhang et al., 2008) .
By analysing the temperature scan data we got NVFR of 0.72 ± 0.13, 0.42 ± 0.06, and 0.22 ± 0.05 for 50, 150, and 280 • C respectively (Fig. 8) . ω 0,heated behaved analogically and was 0.71 ± 0.05, 0.62 ± 0.06, and 0.42 ± 0.07 at the respective temperatures. At 280 • C the non-volatile particles had almost reached the ω 0 of soot (≈0.3) in some of the scans but in most clearly higher, about 0.4 and higher, indicating again possible non-volatile organics, too short residence time or to low temperature. The analogical behaviour of NVFR and ω 0,heated raises the question of the type of relationship they have. There was a clear decreasing trend in ω 0,heated as a function of NVFR but it was not quite linear: the ω 0 drop was approximately as large when NVFR dropped from 0.4 to 0.3 as when it dropped from 0.8 to 0.4 (Fig. 9) . The reason for this may be the effect of scattering layers around the absorbing core. For those data where ω 0 < 0.4 NVFR was ≈ 0.2 and is slightly higher than the published volume fractions of BC in PM 2.5 (Viidanoja et al., 2002; Putaud et al., 2004) . This is what we would expect since the non-volatile soot particles are found well beneath the cut off size of PM 2.5 Engler et al., 2007) . Most traffic-related less volatile particles have been shown to be between 80 and 150 nm (Wehner et al., 2004) .
We can still get another piece of information out of the ω 0,heated vs. NVFR plot (Fig. 9) . Since the method for calculating σ AP was only calibrated for filter transmittances >0.4 (Virkkula, 2010) the respective data were plotted in green in Fig. 9 . The fact that there is no obvious difference between values obtained with Tr<0.4 and Tr>0.4 indicates that the used method seems to be suitable for even lower transmittances than indicated in the original paper.
Conclusions
We measured the effect of heating on light scattering and absorption by aerosols at an urban background station in Helsinki from 9 to 15 April 2009. First the heating temperature was kept constant at 280 • C for five days and then temperatures 50, 150, and 280 • C were scanned for 23 h. Heating significantly altered the optical and physical properties of the particles. The scattering constituents got volatilised resulting in a darker aerosol. The single-scattering albedo of the residual aerosol (ω 0,heated ), as well as the non-volatile volume fraction remaining (NVFR), decreased almost linearly as a function of the heating temperature.
Heating the aerosol will volatilize light scattering constituents which are responsible for increasing light absorption by the aerosol due to different mixing states of soot. Without volatilisation this will lead to over prediction of BC mass concentrations since internally mixed soot absorbs more light than externally mixed soot.
Light attenuation by light scattering aerosol particles deposited on the filter get interpreted as light absorption, if not taken into account. There are correction algorithms for compensating for this apparent absorption. Volatilisation will reduce the apparent absorption and the correction algorithms influence on the result. This is the case for any filter-based absorption measurement instrument even after a volatilisation oven. However, the result of this study suggests that it is not necessarily as simple as just removing all scattering material and then getting a non-biased σ AP .
Volatilisation shrinks the size of the particles which penetrate deeper into the filter-matrix. This increases the filterbased instrument's response to light absorption by particles due to multiple scattering by the filter matrix and needs to be corrected for. When corrected for, absorption by soot can be measured with a greater accuracy to assess the mass concentration of BC in the sample air.
The fact that there seems to be a temperature dependence of the calculated absorption coefficients is probably an indication of different mixing states of the aerosol achieved by partial, complete or no volatilisation in the oven. Different mixing states of soot have been shown to affect light absorption so that internally mixed soot in an aerosol absorbs more light than externally mixed soot (Fuller et al., 1999) .
Fractal like soot particles collapse to globules during cloud processing (Mikhailov et al., 2006) . A change from a collapsed soot core to a fractal like structure in the thermodenuder would cause an artefact (Fuller et al., 1999) . In this study we can only assume the geometry of the soot core does not change in the volatilisation oven since no microscopic pictures of the residual particles were taken.
Using the parametrisation by Nakayama et al. (2010) the mass absorption cross section of the heated aerosol was calculated to be 10.1 ± 0.8 m 2 g −1 at λ=545 nm with the PSAP algorithm presented by Virkkula et al. (2005) ; Virkkula (2010) and 7.2 ± 0.4 m 2 g −1 with the Bond et al. (1999) correction with the modification by Ogren (2010) and the OCEC data. These values are roughly 75 % less than they would have been without compensating for the increased penetration depth due to volatilisation of light scattering constituents. On average the absorption measurements were divided with a correction factor F D of 1.43. For the nonheated aerosol MAC=6.2 ± 0.4 m 2 g −1 was calculated from aethalometer data at λ=880 nm. These values are consistent with published values but our data leaves a question open: is this difference in MAC calculated from the two instruments due to wavelength only or is it due to different states of mixing. This should be studied by making both heated and non-heated measurements at equal wavelengths and similar instruments.
An interesting observation is that there were periods where ω 0,heated increased from close to that of soot (≈0.4) to ≈0.6 even though the NVFR remained at about 0.25 and the oven was kept at the constant temperature of 280 • C. A probable explanation to this is that in these periods in the particles there was organic carbon that volatilizes only at higher temperatures, since the typical inorganic sub-micron species get volatilized at this temperature. In the standard thermaloptical OCEC analysis there are four temperature steps, two of them yield concentrations of OC that volatilize at temperatures >300 • C (Cavalli et al., 2010) . The measurement of ω 0,heated and NVFR could possibly be used as an indication of the presence of these organics. How quantitative this would be remains to be studied.
As the PSAP filter gets darker the difference in the absorption coefficients calculated with the logarithmic loading correction function (Virkkula et al., 2005; Virkkula, 2010) and the more commonly used Bond et al. (1999) correction becomes significant. The comparison of the non-volatile volume fraction and single-scattering albedo during the heating temperature cycling period suggests that the logarithmic loading correction function works even at transmittances lower than 0.4.
